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Summary 
Proteins of the synaptic basal lamina are important in 
directing the differentiation of motor nerve terminals. 
One synaptic basal lamina protein, agrin, which influ- 
ences postsynaptic muscle differentiation, has been 
suggested to influence nerve terminals as well. To test 
this hypothesis, we cocultured chick ciliary ganglion 
neurons with agrin-expressing CHO cells. Ciliary gan- 
glion neurons, but not sensory neurons, adhered five 
times as well to agrin-expressing cells as to untrans- 
fected cells. Further, ciliary ganglion neurites were 
growth inhibited upon contact with agrin-expressing 
cells. Finally, the synaptic vesicle protein synaptotag- 
min became concentrated at contacts between ciliary 
ganglion neurites and agrin-expressing cells. These 
activities were shared by neuronal and muscle-derived 
agrin isoforms, consistent with the hypothesis that 
muscle agrin may influence the presynaptic axon. Our 
results suggest that agrin influences the growth and 
differentiation of motoneurons in vivo. 
Introduction 
. 
A fundamental question in neurobiology concerns the 
mechanisms underlying synaptogenesis. Most of our 
knowledge concerning synapse formation comes from 
studies on the development of the neuromuscular junc- 
tion, owing to its relative simplicity and accessibility. Fol- 
lowing growth of motor axons to target regions, local in- 
teractions between presynaptic growth cones and post- 
synaptic targets regulate the development of synaptic con- 
nections (Goodman and Shatz, 1993). Initially, the site of 
nerve-muscle contact bears no features that distinguish 
it as a synapse, but as synapse formation proceeds, bio- 
chemical and morphological changes occur both in the 
nerve terminal and in the muscle cell (Hall and Sanes, 
1993). In the presynaptic terminal, synaptic vesicles ac- 
cumulate at sites of nerve-muscle contact (James and 
Tresman, 1969; Nakajima et al., 1980; Bixby and Reich- 
ardt, 1985), while aggregates of acetylcholine receptors 
(AChRs) form on the surfaces of myotubes (Hall and 
Sanes, 1993). The nature of the signals involved in the 
induction of presynaptic differentiation remains largely un- 
defined. Suggested inducers of presynaptic differentiation 
include heparan sulfate proteoglycans (Lupa et al., 1990; 
Ferns et al., 1993), basic fibroblast growth factor (Peng 
et al., 1994, Sot. Neurosci., abstract), and agrin (Patthy 
and Nikolics, 1993; Bixby, 1995). 
Agrin is a basal lamina protein that has been shown 
to produce clustering of AChRs and other postsynaptic 
proteins (McMahan, 1990; Nastuk and Fallon, 1993; Pat- 
thy and Nikolics, 1993). The receptors mediating agrin’s 
postsynaptic effects are incompletely characterized. Sev- 
eral findings suggest that heparan sulfate proteoglycans 
are important for agrin’s function (Fallon and Hall, 1994). 
In muscle, the only agrin-binding component so far de- 
tected is a-dystroglycan. Recent evidence suggests that 
this protein, which is associated in a complex with (3dys 
troglycan, dystrophin, and utrophin, forms part of a func- 
tional, membrane-bound agrin receptor. However, whether 
this complex is the primary agrin signal transducer is not 
clear (Sealock and Froehner, 1994; Fallon and Hall, 1994). 
Agrin is a protein with a calculated molecular mass of 
more than 200 kDa. It has a complex multidomain struc- 
ture that includes follistatin domains, epidermal growth 
factor-like domains, and laminin domains (Patthy and Ni- 
kolics, 1993). In the C-terminal region of the protein, two 
sites (A and B in the chick, y and z in the rat) are altered 
as a result of alternative splicing. Site A contains 0 or 4 
amino acids and site B contains either 0, 8, 11, or 19 (8 + 
11); these are crucial for agrin’s AChR-clustering ability 
(Ruegg et al., 1992; Ferns et al., 1993; Gesemann et al., 
1995). In particular, agrin,,, agrina, agrin,,, and agrinlg (all 
containing the 4 amino acid “A” insert) are active in AChR 
clustering, while the agrin isoform strongjy expressed by 
muscle (AoBo) is inactive. Neurons and neuronal tissue 
express a mixture of agrin isoforms depending on develop- 
mental stage (Ruegg et al., 1992; Tsim et al., 1992; Hoch 
et al., 1993; Smith and O’Dowd, 1994), while nonneuronal 
and muscle cells express only the B0 isoforms (Ruegg 
et al., 1992; Hoch et al., 1993). Neurally derived agrin is 
believed to be an important physiological signal for the 
clustering of AChRs and other postsynaptic membrane 
proteins during synapse formation (Nastuk and Fallon, 
1993), while the role of muscle agrin in neuromuscular 
synapse formation remains unclear. 
Though the signals underlying developmental differenti- 
ation of motor nerve terminals are not known, studies of 
synaptogenesis during regeneration suggest that signals 
capable of directing reinnervation, as well as presynaptic 
differentiation, reside in the synaptic basal lamina (Sanes 
et al., 1978; Hall and Sanes, 1993). s-LN, a synaptic basal 
lamina protein, has been suggested to be a “stop signal” 
for growing motor axons during development, because a 
region of this protein is selectively adhesive for motoneu- 
rons and can inhibit their neurite growth (Hunter et al., 
1989, 1991; Porter et al., 1995). Whether S-LN can affect 
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differentiation of the presynaptic terminal is not known, but 
mutant mice lacking s-LN form aberrant neuromuscular 
junctions (NMJs; Noakes et al., 1995). 
A number of observations suggest that agrin may have 
a role in presynaptic differentiation. First, agrin is ex- 
pressed in synaptic basal lamina and on the surface of 
myotubes both during regeneration and prior to the in- 
growth of the first motor axons during development; it later 
colocalizes with AChR clusters (Fallon and Gelfman, 1989; 
Godfreyet al., 1988; Lieth et al., 1992; Cohen andGodfrey, 
1992; Hoch et al., 1993; Lieth and Fallon, 1993). Second, 
agrin remains associated with nerve-muscle contacts 
containing clusters of synaptic vesicle protein even when 
extracellular matrix deposition and clustering of postsyn- 
aptic proteins have been disrupted (Bixby, 1995). Third, 
agrin is a large and structurally complex protein sug- 
gesting that it may have functions in addition to clustering 
of postsynaptic proteins. Finally, a function for agrin iso- 
forms inactive in AChR clustering has not been deter- 
mined. 
To investigate the possibility of presynaptic actions of 
agrin, we have examined interactions of the peripheral 
motoneurons of the chick ciliary ganglion (CG) with CHO 
cells expressing rat agrin (Campanelli et al., 1991). Our 
results suggest that agrin influences motoneuron growth 
and differentiation, and therefore that agrin’s role at the 
NMJ is not limited to actions on myotubes. 
Results 
AgrifbExpressing CHO Cells Are Selectively 
Adhesive for Peripheral Motoneurons 
To ensure that the CHO cells were expressing agrin, we 
used early-passage cells only and regularly stained cul- 
tures for agrin to gauge surface expression. Agrin- 
expressing CHO cells (but not controls) showed strong, 
homogeneous cell-surface agrin staining, with prominent 
rings of staining on many cells (Figure 1). 
A prediction for a signal that induces presynaptic spe- 
cializations at the NMJ is selectivity for motoneurons. For 
example, S-LN has been shown to be selectively adhesive 
for motoneurons compared with sensory neurons (Hunter 
et al., 1989,199l). To test whether agrin might be involved 
in motoneuron differentiation, we first sought to establish 
whether motoneurons selectively adhere to agrin. For 
these experiments, we used embryonic day 8 (E8) CG 
neurons, peripheral motoneuronsfrom the chick. CG neu- 
rons are known to be appropriate synaptic partners for 
muscle cells in vitro (Betz, 1978; Bixby and Reichardt, 
1985) and have been useful in studying S-LN activities 
(Hunter et al., 1989). In the first series of experiments, we 
used substrate cells expressing agrinIs, the form of agrin 
containing all of the known alternatively spliced exons 
(Ferns et al., 1992, 1993; Hoch et al., 1993). In a 2 hr 
adhesion assay, nearly five times as many CG neurons 
adhered to agrints-expressing CHO cells as to non- 
transfected control cells (Figure 2; n = 5 experiments, 
p < .02, unpaired t test). These results indicate that agrinrs 
is adhesive for motoneurons. This adhesion is not due to 
an effect of antibiotic selection per se on CHO cells, as 
we observed no adhesion to another G41 a-selected CHO 
cell line expressing a muscarinic receptor protein (Figure 
2; ratio of transfected to control adhesion = 0.8). 
To examine whether this adhesion is selective for moto- 
neurons, we performed identical adhesion assays using 
E8 dorsal root ganglion (DRG) neurons. Unlike CG neu- 
rons, DRG neurons did not distinguish between control 
and agrinrs-expressing cells. Rather, the ratio of neurons 
Figure 1. Agrin Expression on Transfected CHO Ceils 
Agrinjs-expressing CHO cells (A) or nontransfected controls (B) were stained with a monoclonal antibody to rat agrin (AGR-550). The arrows in A 
denote strong ring-like agrin immunoreactivity, typical of surface staining. A similar staining pattern was seen for cells expressing agrin (not 
shown). Bar, 35 pm. 
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Figure 2. Adhesion of Neurons to AgrirkExpresaing CfiC Cetts 
CG or DRG neuronswaraattowed to adhere toconfluentmonofayersof 
untransfected, agrint5+Xpressing or muscarinic receptor++xpr&ng 
CHO cells for 2 hr before fixation and counting. Data are plotted as 
a ratio of neurons adhering to transfected CHO cells retative to UII- 
transfected control ceils; mean f SEM for5 experiments(CGlagrin,o), 
or mean f range for 2 experiments (DRGlagrin,,; CGlmuscarinic). 
retained on agrin,dxpressing cells to those on control 
cells was 1.4 for DRG neurons (not significant), compared 
with 4.8 for CG neurons (Figure 2). 
To determine whether control CHO cells were somehow 
repulsive to CG neurons, or if agrin19 was attractive, we 
also examined adhesion of CG neurons to coverslips 
coated with poly-D-lysine (PDL), as a positive control, or 
bovine serum albumin, as a negative control (Hunter et 
al., 1991). Adhesion of CG neurons to agrinIg was approxi- 
mately equal to adhesion on PDL, with no adhesion seen to 
bovine serum albumin (data not shown). Together, these 
results indicate that agrinlg-expressing CHO cells are posi- 
tively and selectively adherent for CG neurons. 
CG Neurite Outgrowth Is Inhibited by 
Agrik-Expressing CHO Cells 
The stop signal hypothesis, formulated for s-LN, predicts 
that a stop signal protein is not only adhesive for motoneu- 
rons, but growth inhibitory (Hunter et al., 1991; Porter et 
al., 1995). The observation that agrinlg-expressing CHO 
cells are selectively adhesive for motoneurons prompted 
us to ask if neurite outgrowth is affected by agrinlg as well. 
In initial experiments, we grew CG neurons on monolayers 
of control or agrinIs-expressing CHO cells. We found that 
both control and transfected CHO cells are poor promoters 
of neurite growth, making it difficult to judge any potential 
growth-inhibitory effect of the agrin. We therefore devised 
an assay in which CHO cells (control or agrin-expressing) 
were plated as a small “island” in the center of fibronectin 
(FN)-coated glass coverslips (see Tomaselli et al., 1986). 
In this situation, CG neurons can extend neurites on the 
FN substrate, allowing examination of their behavior upon 
encountering the islands. CG neurites extending on the 
FN substrate seemed to halt their growth when they en- 
countered confluent areas of agrin,g-expressing CHO 
cells, but were not obviously affected by encounters with 
untransfected CHO cell islands (Figures 3A and 3B; and 
data not shown). The overall effect was that a substantially 
greater number of neurites extended across the un- 
transfected CHO cell islands compared with the agrinjg- 
expressing islands (Figures 3C and 3D). We quantified 
these observations by measuring the total length of neurite 
present on the completely confluent CHO cell islands (Fig- 
ure 4). The total length of the neurites on untransfected 
CHO cell islands was more than five times that on agrinls- 
expressing cell islands (n = 3 experiments, p < .02, un- 
paired t test). Because more CG neurons adhered to the 
agrinexoressing than the control islands, the greater total 
neurite growth on the control islands might in principle be 
due to a greater number of neurons present “off-island.” 
However, direct examination of two experiments demon- 
strated that the number of neurons off-island in the agrin- 
expressing cultures was not significantly different from 
control cultures (data not shown). Our results therefore 
suggest that agr& can inhibit motor neurite extension 
and are consistent with the hypothesis that agrin is a stop 
signal for developing motoneurons. 
AgrinleExpressing Cells Cluster Synaptotagmin 
in CG Neurites 
One hallmark of synaptic differentiation at the NMJ is that 
when growth cones reach their target, they stop migrating 
and begin the process of differentiation. Therefore, moto- 
neuron stop signals might be predicted to influence differ- 
entiation of the presynaptic terminal. A key feature of pre- 
synaptic differentiation is the accumulation of synaptic 
vesicles in nerve terminals at sites of neuron-myotube con- 
tact (James and Tresman, 1969; Bixby and Reichardt, 
1985; Lupa and Hall, 1989; Hall and Sanes, 1993). We 
therefore examined whether contact with agrinIg-ex- 
pressing cells could induce the clustering of the synaptic 
vesicle protein synaptotagmin (syt) in CG neurites. We 
cocultured CG neurons with control or agrinIg-expressing 
CHO cells for 48 hr and analyzed cultures for the presence 
of syi clusters at sites of nerve-CHO cell contact. CG neu- 
rites express syt in cocultures with either control or agrin- 
expressing cells (Figure 5). This observation is consistent 
with previous examples of staining of CG neurons in vitro 
(Bixby and Reichardt, 1985). Also consistent with previous 
observations, syt clusters occasionally form spontane- 
ously in the absence of contact with any cell (Figures 5A 
and 58, arrowheads) (Bixby and Reichardt, 1985). Con- 
tacts with untransfected CHO cells did not lead to obvious 
changes in neurite trajectory, and clusters of syt were rare 
(Figures 5A and 5B; Figure 6). However, neurites con- 
tacting agrirhg-expressing cells often contained bright con- 
centrations of syi staining (Figures 5C-5E). To quantify 
the effect, the data were expressed as the percentage of 
neurite-CHO cell contacts that were positive for syt clus- 
ters (Figure 6). On untransfected cells, 19% of contacts 
were positive for syt clusters (n = 5 experiments). This 
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Figure 3. Agrin tnhfbits Neurlta Extension 
(A and B) Phase contrast (B) and neurofilament fluorescence (A) photographs of CG neurons cultured for 46 hr with “islands” of agrinIo-expres$ng 
CHO cells. Neurites grow to the border of, but not onto, the agrinIo-expressing monolayer. Note that the neurofilament staining does not continue 
to the ends of neurites in contact with cells; neurofilaments may be excluded from these contact sites (see Figure 5). 
(C and D) Low-power neurofilament fluorescence micrographs of CG neurons on island monolayers of control (D) or agrin-expressing (C) cells. 
(C) Few neurites are seen on island monolayers of agrin,.&xpressing CHO cells, but numerous adherent CG neurons are visible. (D) Numerous 
neurites are visible on the island of untransfected cells. However, in contrast to the agrin-expressing cells, no adherent neurons are visible. Bar, 
3$ pm (A and B); 50 pm (C and D). 
degree of clustering is not substantially different from that 
reported for CG neuron-fibroblast contacts (Bixby and Fle- 
ichardt, 1987) and could be due to coincidence of “unin- 
duced” clusters (Figure 5A) with cell contacts. However, 
for contacts between CG neurites and agrinIe-expressing 
cells, the clear majority (72%) was associated with syt 
clusters (n = 5 experiments, p < .OOOl, Fisher’s exact 
test). 
Syt is initially present throughout the length of neurites, 
both in vivo and in vitro, and becomes progressively re- 
stricted to the distal segments of the neurites. Neurofila- 
ment protein behaves in a complementary fashion in that 
syt and neurofilament appear to occupy contiguous but 
mutually exclusive regions of a neurite (Lupa and Hall, 
1989; Lupa et al., 1990). Similarly, we find that neurofila- 
ment staining intensity is diminished in neurite regions 
contacting agrik-expressing CHO cells (e.g., Figure 3A). 
These data strongly suggest that agrinrs is capable of clus- 
tering syt at sites of contact with motoneurons and are 
consistent with the idea that agrin is a differentiation- 
inducing stop signal at the NMJ. 
Agrin Expressed on the Surface of CHO Cells -Does 
Not Cluster in Response to Nerve Contact 
At developing neuromuscular synapses in vitro and in vivo, 
both AChFls and agrin colocalize with clusters of synaptic 
vesicle antigens at sites of nerve cell-muscle contact (Fal- 
Ion and Gelfman, 1989; Lieth and Fallon, 1993; Bixby, 
1995). This prompted us to investigate whether agrin on 
the surface of the transfected CHO cells is concentrated 
at points of contact with neurites. To test this idea, CG 
neurons were cultured for 48 hr on coverslips of low density 
agrinls-expressing CHO cells and stained with anti-qrin 
antibody. Agrin expression on the CHO cells remained 
strong and uniform across the cell surfaces of CHO cells 
(see Figure 1) and was not obviously influenced by contact 
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Figure 4. Quantification of Neurite Lengths on CHO Cell islands 
The average total length of neurite on a CHO cell island is plotted for 
CG neurons cultured for 46 hr with untransfected control and agrinls- 
expressing cells. Data are expressed as mean 5 SEM for three experi- 
ments. There is more than 4 x as much neurite growth on the control 
cells as on the agrin-expressing cells. 
with CG neurites (data not shown). These results suggest 
that CHO cells do not have the ability to aggregate synaptic 
proteins in response to signals from motor nerves. 
Agrin,, Is Equivalent to Agrh in Activities 
on Motoneurons 
Neuronal cells express a mixture of agrin splice variants, 
with agrinlg (A&,) and agrins (A,Bs) being the most abun- 
dant. In contrast, nonneuronal cells, including muscle 
cells, express only agrin (A4Bo or AoBo), which lacks any 
splice insert at the B position. These isoforms of agrin 
possess little or no AChR clustering ability (Ferns et al., 
1993; Gesemann et al., 1995) but have never been exam- 
ined for activities on neurons. To test whether the ability 
of agrin to be adhesive for motoneurons, to inhibit neurite 
outgrowth, and to cluster syt in neurites is splice form 
dependent, we repeated the experiments outlined above 
using agrin (A,B&expressing CHO cells. 
First, CG neurons were analyzed in short-term adhesion 
assays for their ability to adhere to agrin (Figure 7A). Ad- 
hesion of CG neurons to agrino-expressing CHO cells was 
five times greater than to control-CHO cells (n = 5 experi- 
ments, p < .02, unpaired t test). Although individual experi- 
ments suggested that agrin might be more adhesive for 
CG neurons than agrints, this effect did not reach statistical 
significance. It is clear however that agrin,, is at least as 
adhesive for motoneurons as agrinlg. When DRG neurons 
were tested, adhesion to agrin,,-expressing cells was P-fold 
stronger than to control cells (Figure 7A). These data sug- 
gest that agrin (and possibly agrintg; see Figure 2) may 
be adhesive for other neurons despite its evident selectiv- 
ity for CG neurons. Interestingly, Burg et al. (1995) have 
shown that chick brain neurons adhere to agrin purified 
from brain. 
When CG neurons were cultured on FN-coated cov- 
erslips and allowed to encounter an “island” of agrin,,- 
expressing CHO cells, neurite outgrowth was largely inhib- 
ited (Figure 78). Total neurite length on agrino-expressing 
CHO cells was about one-tenth of that seen on the un- 
transfected cells (n = 3 experiments, p < ,001, unpaired 
t test), suggesting that agrin inhibits CG neurite growth 
at least as well as agrinlg. Therefore, the domain(s) of agrin 
involved in stop signal functions are unlikely to be identical 
to those controlling aggregation of postsynaptic proteins. 
In our presynaptic differentiation assay, we found that 
agrin also has the ability to cluster syt at sites of nerve- 
CHO cell contact (Figure 7C). In these experiments, nei- 
ther the basal level of syt clustering on untransfected CHO 
cells (190/o, n = 4 experiments), nor the level of clustering 
induced by agrino-expressing cells (650/o, n = 4 experi- 
ments) was significantly different from those seen in the 
agrim experiments (Fisher’s exact test). Therefore, the 
splice inserts important for AChR clustering by agrin do not 
appear important for the ability of agrin to cluster synaptic 
vesicle proteins. 
Discussion 
We report three observations about agrin’s action on neu- 
rons in vitro. First, agrin is selectively adhesive for moto- 
neurons. Second, agrin is inhibitory to the growth of ac- 
tively extending motor neurites. Third, agrin can evoke 
clustering of the synaptic vesicle protein syt in motor ax- 
ons. These properties are those predicted for an inducer 
of presynaptic differentiation. Agrin is the only protein so 
far demonstrated to possess all three of these properties. 
The physiological relevance of our results using agrin- 
transfected cells remains to be tested. However, several 
lines of evidence suggest that agrin itself is responsible 
for the effects we see. First, the three activities were seen 
with two independent lines of agrin-expressing CHO cells, 
but not with a CHO cell line expressing a muscarinic recep- 
tor or with untransfected CHO cells. Second, COS cells 
transiently transfected with cDNAs encoding chick agrin 
can induce synaptotagmin clustering similar to that seen 
with the stably transfected CHO cells (data not shown). 
Third, neuronal binding activities of agrin have also been 
seen using purified protein (Burg et al., 1995; M. A. R. 
and J. L. B., unpublished data). 
The stop signal hypothesis predicts that proteins of the 
synaptic basal lamina are involved in synapse formation 
byvirtueof theirabilityto beadhesiveformotoneuronsand 
growth inhibitory to neurites (Hunter et al., 1991; Porter et 
al., 1995). Whereas both agrin and S-LN possess proper- 
ties consistent with their being stop signals for growing 
motor axons, only agrin has been shown to induce an 
aspect of presynaptic differentiation, the accumulation of 
syt in neurites. Because syt and other vesicle proteins 
appear to be coregulated and codistributed (Bixby and 
Reichardt, 1985; Lou and Bixby, 1995; Rosahlet al., 1995), 
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(A and 6) Syt immu -6 (A) and phase contmst (6) mkrogmphs of CG neumns cultured for 48 hr with untransfected CHO cells. At 
sites of contact wfth CHO cetfs (arrows). net&es do not agpear to change course and do not concentrate syt. The growth cone (arrowheads), 
which is netin kttact with a CHO cell, contab a “m” ctuster of syt. 
(C and 0) Syt immunoffuor~ (C)and phase contmst (0) mkrographs of CG neurons cultured with agrirkexpressing CHO cells. Syt clusters 
are evident at &es on contact btween neurttes and CHO cetts (arrows). 
(E) Syt immunoftuorescence micmgmph of CC neurite on agrtrk expressing CHO cells. Bright syt clusters are evident at both points at which 
the neurite touches a single CHO cell (arrows). Bar, 35 urn. 
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Figure 6. Quantification of syt Clustering Data 
CG neurons were cultured for 48 hr with untransfected control or 
agrirkexpressing CHO cells, and the percentage of neurite-CHO cell 
contacts exhibiting syt clusters is plotted (mean * SEM; n = 3 experi- 
ments). The total number of contacts examined for control and agrirk 
expressing CHO cells was 291 and 228, respectively. 
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accumulation of syt may be equated with accumulation 
of synaptic vesicles, which is a key feature of presynaptic 
differentiation (James and Tresman, 1969; Bixby and Rei- 
chardt, 1985; Lupaand Hall, 1989; Hall and Sanes, 1993). 
Since experiments in a number of laboratories have pro- 
vided clear evidence for the role of agrin in the induction of 
postsynaptic differentiation (McMahan, 1990; Fallon and 
Hall, 1994), our results suggest that agrin is a “bidirec- 
tional” signal at the synapse, with effects both on the nerve 
and on the muscle. 
Our observations that agrin has effects on motor nerve 
terminals are complemented by the observations that 
agrin has a developmental and spatial expression pattern 
consistent with its being important for signaling from mus- 
cle to nerve in vivo. Agrin is present in embryonic limb 
mesenchyme, on the surface of embryonic muscle, and 
in basal laminae, prior to innervation and prior to the ap- 
pearance of the first AChR clusters (Godfrey et al., 1988; 
Fallon and Gelfman, 1989; Lieth et al., 1992). At all devel- 
opmental times, greater than 95% of all AChR clusters 
are colocalized with agrin (Godfrey et al., 1988; Fallon and 
Gelfman, 1989). In contrast, s-LN staining is not apparent 
in vivo until after synapses have formed (Chiu and Sanes, 
1984). 
Figure 7. Activities of Agrin, on CG Neurons 
(A) Adhesion of CG and DRG neurons to agrirk 
expressing CHO cells. CG neurons were al- 
lowed to adhere to confluent monolayers of un- 
transfected or agrin,-expressing CHO cells for 
2 hr before fixation and staining. Data are plot- 
ted as a ratio of neurons adhering to agrin,- 
expressing CHO cells relative to control and 
are expressed as mean r SEM for 5 experl- 
ments (CG) or mean f range for 2 experiments 
(DRG). CG neurons adhered 5x as well to 
agrin,-expressingcells, while DRG neuronsad- 
hered 2 x as well. 
(6) Agrin inhibits neurite extension. CG neu- 
rons were cocultured for 48 hr with islands of 
agrin,, or untransfected CHO cells. The data are 
expressed as mean + SEM for 3 experiments. 
(C) Quantification of syt clustering data. CG 
neurons were cocultured for 48 hr wrth un- 
transfected control or agrirkexpressing CHO 
cells. The percentage of neurite-CHO Cell COn- 
tacts exhibiting syt clusters IS plotted (mean k 
SEM; n = 4 experiments). The total number 
of contacts examined for control and agrin,- 
expressing CHO cells was 182 and 168, re- 
spectively. 
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There are several reasons to believe that the agrin con- 
centrated at very early nerve-muscle contacts is derived 
from the muscle. First, agrin colocalizes with most AChR 
patches in aneural muscle (Fallon and Gelfman, 1989). In 
addition, motoneurons do not grow into the chick hindlimb 
until stage 24 (Tosney and Landmesser, 1985), yet agrin 
is already expressed in muscle at this time and colocalizes 
with almost all AChR clusters by stages 26-30 (Godfrey 
et al., 1988; Fallon and Gelfman, 1989; Hoch et al., 1993). 
Finally, muscle agrin has been shown to colocalize with 
nerve-induced AChR clusters (Lieth et al., 1992; Lieth and 
Fallon, 1993). While neural agrin has documented effects 
on myotubes consistent with its role as a physiological 
inducer of postsynaptic differentiation, a role for muscle 
agrin remains undefined. Our results demonstrate activi- 
ties on motoneurons of an agrin isoform known to be ex- 
pressed in muscle (&BO). These observations, coupled 
with agrin’s expression pattern, suggest that muscle agrin 
influences presynaptic differentiation at the NMJ in vivo. 
The question of whether neurally released agrin may 
have actions on the nerve in vivo remains unclear. The 
present results demonstrate that neural-specific forms of 
agrin have effects on motoneurons. At mature synapses, 
therefore, neural agrin may be important in maintaining 
clustering of both postsynaptic and presynaptic compo- 
nents. It is also possible that neural agrin, in addition to 
being important for postsynaptic differentiation, may serve 
as a type of feedback signal for the nerve, indicating that 
it has “engaged” a postsynaptic partner. These issues will 
be better understood when more is known about the mech- 
anisms of deposition of neural and muscle agrin and their 
stable association with synaptic sites (e.g., Bixby, 1995). 
Our observations that agrin has effects on neurons that 
are splice variant independent raise the question of what 
regions of agrin, and what neuronal receptors, are im- 
portant for the observed,activities. In s-LN, the leucine- 
arginine-glutamate (LRE) motif has been suggested to be 
critical for motoneuron adhesiveness and neurite out- 
growth inhibition (Hunter et al., 1991; Porter et al., 1995). 
Since agrin also has an LRE, it is possible that LRE is 
important for the observed effects of agrin. However, LRE 
sequences are not conserved between chick and rat agrin 
(Rupp et al., 1991; Tsim et al., 1992). Other regions of the 
protein that might be involved in neuronal effects include 
the LN “G” domains in the C-terminal region, which are 
similar to domains in other proteins that interact with neu- 
rons (laminin, slit, and neurexins; Ushkaryov et al., 1992), 
and the N-terminal re$ion ef agrin, for which no functions 
are known. In any case, the domains important for presyn- 
aptic effects are not likely to be identical to those involved 
in AChR clustering. Neural cell adhesion molecule and 
a-dystroglycan, the two proteins known to bind agrin (Fal- 
Ion and Hall, 1994; Burg et al., 1995) are expressed by 
neurons, but no evidence suggests a selective localization 
on motoneurons. Clearly, identification of neuronal recep- 
tors for agrin is an important future direction. 
Our results suggest that presynaptic differentiation is 
induced, at least in part, by agrin. The differentiation of 
the nerve terminal is a complex and protracted event that 
takes weeks to reach the mature state (Hall and Sane% 
1993). Therefore, it is likely that a number of proteins work 
together to achieve complete differentiation. Mutant mice 
lacking s-LN display clear defects at NMJs, but such syn- 
apses are present in normal numbers and are functional 
(Noakes et al., 1995). These observations suggest that 
s-LN is acomponent in the machinery involved in signaling 
presynaptic differentiation, but is not the only such compo- 
nent. Since s-LN is not present in premuscle masses dur- 
ing the time of motor axon ingrowth, it seems unlikely to 
be acting alone at the NMJ to effect growth cone adhesion 
and cessation of axon growth. Our results suggest that 
agrin may not only be involved in these processes, but 
also serve a complementary function by inducing the clus- 
tering of synaptic vesicles. 
Experimental Procedures 
Materials 
Fertilized eggs were purchased from SPAFAS (Roanoake, IL). Mono- 
clonal antibody to rat agrin (clone AGR-435) was purchased from 
StressGen (Victoria BC, Canada). This antibody recognizes all agrin 
isoforms. Monoclonal antibody to syt was antibody 48 of Matthew et 
al., 1981. Monoclonal antibody to chick neurofilament-M was RT97 (a 
gifl from Dr. Scott Whittemore, Universityof Miami School of Medicine). 
Secondary antibodies conjugated to fluorophores were from Cappell 
(Westchester, PA). Nylon washers were from Small Parts, Inc. (Miami 
Lakes, FL). Fibronectin was partially purified from horse serum as 
described (Bixby, 1989). Agrin-expressing CHO cells were a generous 
gift from Drs. R. H. Scheller and J. Campanelli (Howard Hughes Medi- 
cal Institute, Stanford University). 
Cell Culture 
CHO cells were cultured as described (Campanelli et al., 1991). All 
agrin-expressing CHO cells were early passage cells since the stability 
of the agrin expression is poor. CHO cells were grown in Dulbecco’s 
modified Eagle’s serum (high glucose), 10% fetal calf serum, 100 pg/ 
ml streptomycin, 100 U/ml penicillin G, 500 pglml G418 at 37°C. 5% 
CO*. CG neurons were cocultured with the CHO cells as described 
for nerve-muscle cultures (Bixby, 1995). 
lmmunofluorescence 
Coverslipswerewashed twice in phosphate-buffered saline(PBS)then 
fixed in 3% paraformaldehyde, 0.1 M NaCI, 5% sucrose, 0.1 M sodium 
phosphate, pH 7.4. Fixed cells were washed four times in PBS, then 
incubated with PBS, 1% goat serum, and 0.02% saponin for 15 mi- 
nutes before the addition of the antibody (1:5 dilution of hybridoma 
supernatant RT97, ascites fluid ab48 diluted 1:250, or anti-agrin diluted 
1:500 in PBS/goat serum/saponin). Coverslips were incubated for 1 
hr at room temperature. Coverslips were then washed as above and 
incubated in rhodamine-conjugated goat anti-mouse IgG diluted I:200 
in PBS/goat serum/saponin for 1 hr at room temperature. Coverslips 
were then washed as above and mounted in glycerol for viewing using 
a 80x Planapochromat lens (Nikon) and epifluorescence. 
Adhesion Assays 
Agrin-expressing and untransfected CHO cells were grown to conflu- 
ence overnight on poly-D-lysine- (100 pg/ml) and FN (40 &ml)-coated 
13 mm coverslips. Dissociated CG neurons (1 ganglion per well) or 
lumbar dorsal root ganglion (DRG) neurons (0.2 ganglia per well) were 
added to the CHO cells in CG medium and allowed to settle for 2 hr 
at 37OC. The coverslips were then fixed, washed, and stained for NF 
as described above. CHO cell monolayers remained - 95% confluent 
after the fixation and staining procedures. 
Neurite Outgrowth Assays 
Nylon washers with a 5 mm inner diameter were placed in the center 
of PDUFN-coated 13 mm coverslips. CHO ceils (20,000; agrin- 
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expressing or untransfected) were plated in 40 fd of CHO medium in 
the center of the nylon washers and allowed to settle for 8 hr at 37%. 
The rings were removed, 1 ml of CHO medium was added, and the 
cells were grown for an additional 16 hr. CG neurons (1 ganglion per 
well) were added to the wells in CG medium and cocultured for an 
additional 46 hr at 37%. The coverslips were then fixed and stained 
for NFasdescribedabove.TheentireislandofCHOcellswasrecorded 
onto video tape in a total of 6 camera passes. All neurites on the island 
were subsequently acquired as images on a JAVA image analysis 
system (Jandell Scientific) and neurite lengths measured. Only areas 
of >95% confluence were considered islands, and only neurites on 
these areas were measured. 
syt Clustering Experiments 
CHO cells were plated, either as small Islands as described above or 
at a density of 15,000 cells per coverslip, and allowed to grow for 24 
hr as described above. CG neurons (1 ganglion per well) were added 
to each coverslip and cocultured for an additional 46 hr. Coverslips 
werethenfixedandstainedforsytas describedabove. Onlycell bodies 
that had extended processes and were on the PDUFN substrate were 
analyzed for syt clusters at points of neurite-CHO*cell contacts. Cell 
bodies on CHO cells were excluded from the analysis. In island experi- 
ments, only the periphery of the islands was analyzed for neurite- 
CHO cell contacts. In these regions, CHO cell density was low enough 
that neurite-CHO contacts could be analyzed unambiguously. 
Data Analysis 
For adhesion assay experiments, coverslips were scanned systemati- 
cally in 10 passes of 10 microscopic fields each (200 fields per cov- 
erslip). Only neurons on areas of greater than 95% confluence were 
counted. Each experiment was done in duplicate and an average num- 
ber of neurons per “field set” (1 pass of 10 fields) was determined. 
The average number of neurons per field set on control CHO cells in 
these experiments was 4.3 + 2 for CG neurons, and 8 + 1.8 for 
DRG neurons. For neurite outgrowth experiments, the total lengths 
of neurites present on the agrin-expressing or untransfected CHO cell 
islands were summed and compared. For syt clustering experiments, 
contacts between neurites of CG neurons on the PDUFN substrate 
and CHO cells were scored for the presence of syt clusters. Contacts 
were scored positive if the relative intensity of the syt fluorescent signal 
was judged srgmficantly greater than surrounding areas of neurite (see 
Bixby and Reichardt, 1985). An individual neurite was examined in at 
most three different places along its length where CHO cells had been 
contacted. Once a cluster was detected, the neurite was no longer 
scanned and a new one was located. At least 25 contacts were exam- 
ined in each experiment. For each assay, at least two of the experi- 
ments were analyzed “blinded.” These results were always in 
agreement with experiments scored in a standard”unblinded”manner. 
All statistics were done with InStat (GraphPad Software). Statistical 
tests were Student’s t test and Fisher’s exact test. 
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